In space and astrophysical plasmas, like in planetary magnetospheres, as that of Mercury,energetic electrons are often found near current sheets (CSs), which hints at electron acceleration by magnetic reconnection. Unfortunately, electron acceleration by reconnection is not well understood, yet. In particular, acceleration by turbulent plasmoid reconnection. We have investigated electron acceleration by turbulent plasmoid reconnection, described by MHD simulations, via test particle calculations.
I. INTRODUCTION
Energetic electrons are observed remotely and in-situ throughout the whole solar system and beyond. They are accelerated during solar flares as well as in planetary magnetospheres and so on. Since high-energy electrons are often found near current sheets (CSs), magnetic reconnection is thought to be one key process for their acceleration. On the other hand, collisionless space plasmas are usually highly turbulent. The consequences of turbulence and magnetic reconnection for electron acceleration, however, are not well understood, yet.
Different models have been proposed to take into account turbulence in magnetic reconnection, e.g., Refs. 1 and 2 and test particle studies have been carried out to investigate the particle acceleration resulting from MHD-turbulent magnetic reconnection. Ambrosiano et al. 3 found efficient particle energization by two dimensional (2D) turbulent magnetic reconnection. Dmitruk et al. 4 carried out test particle studies in 3D turbulent magnetic reconnection, which revealed a preferential electron acceleration parallel to the magnetic field in localized current sheets. Petkaki & MacKinnon 5,6 , Burge et al. 7 analysed the consequences of turbulent electromagnetic fields on particle acceleration at X-type neutral points. They found an increasing energization in strong turbulence and formation of bi-modal (doublepeak) distributions. Kowal et al. 8 studied proton acceleration in 3D turbulent CSs. They found that the proton acceleration rate was highly enhanced by a first-order Fermi process due to contracting magnetic fluctuations. These prior calculations, however, did not consider the effects of turbulence in sub-grid-scales due to the limitation of the computing resources. Mercury is the closest planet to the Sun with a quite weak and small magnetosphere.
On the other hand, it has the most dynamical magnetosphere among all the four terrestrial planets. Several spacecrafts have been devoted to investigate the environment of Mercury:
Mariner 10, the two Helios spacecrafts, the MErcury Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER) mission with its Energetic Particle Spectrometer (EPS), the X-Ray Spectrometer (XRS), the Gamma-Ray and Neutron Spectrometer (GRNS)
as well as the Gamma Ray Spectrometer (GRS). The first in-situ measurements of the energetic particles at Mercury were made by Mariner 10 in 1974-75. Mariner 10 discovered that energetic electron bursts in the Hermean magnetotail have a time duration of about 10 s 12 .
Pileup in the instrument electronics of the Mariner 10, however, led overestimations of the particle energies 13 . Later, the MESSENGER (starting 2011) regularly observed energetic electrons with energies up to 100-200 keV in the Hermean magnetotail, while the typical particle energy in the upstream solar wind are typically only 1.5 -10 keV based on the observation of the Helios spacecraft 14 . Observations of the MESSENGER provide a strong evidence for electron acceleration in the Hermean magnetotail. The MESSENGER, however, did not find energetic ions [15] [16] [17] [18] . Various acceleration mechanisms have been proposed to explain these observed high electron energies in the Hermean magnetotail: inductive acceleration via substorm-like dipolarization 19 , stochastic acceleration, wave-particle interactions, bow-shock energization, and magnetic reconnection in the magnetotail (see Zelenyi et al. 20, 21 ). MESSENGER discovered not only clear signatures of energetic electrons but also multiple plasmoids and plasmoid reconnection in the Hermean magnetotail [22] [23] [24] . We followed these observations using characteristic parameters of the Hermean magnetotail, plasmoid reconnection and plasma turbulence, since plasmas with high Reynolds number, typical for astrophysical environments, are prone to be turbulent 1 .
Theoretical analyses 25, 26 , observations 27,28 , MHD and particle-in-cell (PIC)-code simulations 29, 30 have shown that fast magnetic reconnection can be due to plasmoid instabilities forming magnetic islands (or flux ropes) in elongated current sheets with finite guide field in the direction perpendicular to the reconnection plane. Conclusions and discussions are contained in Section IV.
II. PLASMOID RECONNECTION AND TURBULENCE

A. Plasmoid reconnection
In this section we present the MHD simulations that we used for our electron acceleration calculations (see also of Widmer et al. 31 ). Our MHD simulations describe the evolution of the electromagnetic fields of plasmoid-unstable CSs by solving the following set of resistive MHD equations:
using the GOEMHD3 code 31, 40 . Here ρ is the mass density, U is the plasma velocity, I
is the three-dimensional identity matrix, B is the magnetic field and h is related to the thermal pressure p via p = 2h γ 0 , with γ 0 = 5/3 being the ratio of specific heats in adiabatic conditions. Ampère's law is used to compute the current density J = ∇ × B/µ 0 , with µ 0 being the vacuum magnetic permeability. A small homogeneous (normalized) resistivity η = 0.001 corresponds to a sufficiently large magnetic Reynolds number, so that a plasmoid instability takes place 41 (see below for the normalization of the resistivity). χ in Eqs. (2) and (4) V /m, the current densities to
A/m 2 and the resistivity to
In these simulations, an almost two-dimensional simulation box containing 4 × 3200 × 
Here we will further present results obtained for a guide magnetic field b g = 2. β p = 0.5 is the plasma-β (ratio between thermal and magnetic pressures), the half-distance between the two CSs is d = 20 and the symbols − → e j denote the unit vectors in the directions j = x, y or z. A multi-mode initial perturbation spectrum is used to trigger the plasmoid instability:
where λ 1 and λ 2 are random numbers in the range [0, 1] 31 .
B. Mean-field approach of turbulence
In a mean-field approach 39, 43 , the induction equation (Eq. 3) becomes
where − → ε M denotes the EMF, due to the turbulence. We apply the turbulence model, proposed by Yoshizawa 9 and Yokoi & Hoshino 10 to obtain − → ε M . In that model, the EMF − → ε M is obtained as a function of the mean current density J, the vorticity Ω ( Ω = ∇ × U ) and the mean magnetic field B:
In the model of (9) are related to the (normalized) turbulent energy density K, cross-helicity density W and residual helicity H as
where C β , C ω and C α are constants of the order of 10 −2 −10 −1 9,46-48 and τ is the characteristic decay time of the turbulence. In a lowest order approximation, τ can be considered to be constant and of the order of the initial Alfvén transit time (τ = 1 or 2 t 0 ), i.e., the time needed for an Alfvén wave to cross the initial CS. This is a simplified approach for τ based on previous studies of magnetic reconnection which revealed the highest reconnection rates. In their configurations, the fastest magnetic reconnection due to mean-field turbulence effects was found for τ ∼ 1.0 − 2.0 (e.g., Refs. 41 and 48). Turbulent energy K, cross-helicity W and residual helicity H are defined as
Combining Eqs. (8) to (9), the mean electric field E reads
In this mean-field approach, for plasmas with high magnetic Reynolds numbers (small η),
annihilation of the magnetic fluxes is solely due to the turbulence by the β-related term, which allows the collisionless plasmas to have a possibility to undergo magnetic reconnection.
In addition, the ω− and α−terms lead to (dynamo-)generation (or sustainment) of magnetic fields 10 .
We use a filter function Γ( r, r ) to obtain the mean component F of a quantity F :
For the filtering, we choose a Gaussian filter with a kernel function 31, 39 :
where ∆ is the filter width. For ∆ = 4 (grid size), the Reynolds rules 49 (F = F , f = 0 and f F = 0, here F = F + f ) are satisfied best. From here onwards, the variables used for the electromagnetic fields will be replaced by their mean values and the symbol ' * ' for the mean fields will be omitted.
According to the mean-field turbulence theory (see Eq. 12), C β > C ω and C β > C α cause diffusion rather than generation of magnetic fields. In this case, the turbulent EMF − → ε M will accelerate particles. Larger C β and τ correspond to a larger EMF − → ε M , which causes fast magnetic flux annihilation and reconnection 10, 31 . We use C ω = 0.04, C α = 0.001 (see Widmer et al. 31 ) and investigate the influence of the turbulence on electron acceleration by varying C β (=0.05, 0.5, 1.0) and τ (=1.0, 2.0), see Table I , due to the β ∝ τ C β term in Eq. (9) 
III. ELECTRON ACCELERATION A. Test particle method
Due to the overall finite guide magnetic field (b g = 2), a (relativistic) guiding center approximation can be used to describe the electron motion. Its applicability can be proven by calculating the adiabaticity parameter κ = R min /ρ max , where R min and ρ max are the minimum curvature radius of the magnetic fields and the maximum Larmor radius of each electron 51, 52 . Transition from adiabatic motion to chaotic scattering is controlled by κ: for adiabatic electrons, κ should be larger than 3. For smaller κ, the guiding center approximation is not valid 19 . In our study, κ is always larger than 9 for all electrons, i.e., the guiding center approximation is appropriate for this investigation.
The relevant guiding center equations of motion to be solved are 36, 53, 54 :
where Due to the small non-relativistic drift speeds − → v D ≈ − → v E < 2V 0 , the electron kinetic energy
⊥ . The resulting energy change rates in the parallel and perpendicular directions are given, respectively, by:
And the total rate of kinetic energy change is given by:
As one can see in Eq. (22), electrons can gain energy by parallel electric fields (qv E term), due to magnetic field curvature (mγv Table I ). Comparing with Case D, hence, electrons in Case E are accelerated to higher energies ∼ 70 keV.
In any case, in addition to the acceleration by the parallel electric fields (E ), acceleration effects due to ∂B/∂t and v ( b · ∇B) are important, which lead to electron energization in the direction perpendicular to the magnetic field (see Eq. (21)). Comparing with the E acceleration, ∂B/∂t and v ( b · ∇B) accelerations depend, however, very weakly on the turbulence level. Due to the enhanced parallel velocity v by E acceleration, the energy gain from the ∂B/∂t (v ( b · ∇B)) term slightly decreases (increases) from Case A to E. The
and perpendicular gradient ( − → v D · ∇B)/γ accelerations practically do not contribute to the electron energization.
As a result, for negligible or weak turbulence levels, electrons are mainly accelerated by the temporal variation of the magnetic field (∂B/∂t term) in the chain of plasmoids. In cases of stronger turbulence, however, the parallel electric field (E ) acceleration due to the localized EMF − → ε M dominates the electron energization.
C. Acceleration sites
The bottom five panels of Fig. 3 display the time evolution of the electron total kinetic energy gain (∆E k = E kt − E k0 ) versus the (Z-axis-) position of the electrons for the five different turbulence levels (Cases A to E). The plots localize the electron acceleration sites with respect to the X-points and plasmoid centers (see the stack plot of the vector potential A x in the top panel). As one can see the electrons are energized mainly around X-points (black and light blue regions in the top panel), even though the dominant electron acceleration mechanisms are different depending on the turbulence level. That is due to the injection of new reconnecting magnetic flux and strong current density near the X-points to enhance the ∂B/∂t and E acceleration, respectively. Only a small amount of energy is gained inside the plasmoids, this energization is also mainly due to the temporal variation of the magnetic field ∂B/∂t. Acceleration by ∂B/∂t in the plasmoids is, however, much weaker than the acceleration processes taking place near the X-points.
The bottom five panels of (Fig. 2) . Kinetic energy E kf of most electrons in Cases C, D and E stays below 20 keV, a smaller number of electrons can be accelerated up to 60 keV. In these three cases, the most energetic electrons are homogeneously distributed in the E k0 space. This means that the electrons are accelerated to higher energies independent on their initial energies E k0 54 .
The five panels of Fig. 6 show the evolution of the electron energy spectra for the five different turbulence levels. We calculate the energy spectra by assigning a statistical weight ψ(E k ) to each electron. The weight function ψ(E k ) depends on the initial electron energy 
IV. CONCLUSIONS AND DISCUSSIONS
Recently, Widmer et al. 31 revealed how turbulence can enhance reconnection rates via the electromotive force (EMF − → ε M ) with the mean-field turbulence model of Yoshizawa 9 and
Yokoi & Hoshino 10 . We now found that in strong turbulence, the turbulence driven EMF Previous studies 54, 57, 58 have found that electron acceleration is dominated by parallel electric field (E ) assuming large "anomalous" resistivities. We found that strong accelera- Our results provide evidence that turbulence not only enhances the rate of magnetic reconnection but also efficiently accelerates electrons if the turbulence is strong enough.
This complements, e.g., the study of Kowal et al. 8 , who used a different turbulence model applied to the acceleration processes in the interstellar medium (ISM). Our findings also complement previous studies 19,59,60 of particle acceleration in the Hermean magnetotail, which did not consider turbulence, while turbulence is ubiquitous in collisionless plasmas.
Note that the parametrizations of the turbulence by the coefficients C β and τ is based on previous studies. In order to address the effects of the turbulence on electron acceleration in plasmoid-unstable CSs and test the electron acceleration results in this paper, more detailed self-consistent studies with the mean-field turbulence model will have to be carried out 
